ADAM10 is a disintegrin metalloproteinase that processes amyloid precursor protein and ErbB ligands and is involved in the shedding of many type I and type II single membrane-spanning proteins. Like tumor necrosis factor-␣-converting enzyme (TACE or ADAM17), ADAM10 is expressed as a zymogen, and removal of the prodomain results in its activation. Here we report that the recombinant mouse ADAM10 prodomain, purified from Escherichia coli, is a potent competitive inhibitor of the human ADAM10 catalytic/disintegrin domain, with a K i of 48 nM. Moreover, the mouse ADAM10 prodomain is a selective inhibitor as it only weakly inhibits other ADAM family proteinases in the micromolar range and does not inhibit members of the matrix metalloproteinase family under similar conditions. Mouse prodomains of TACE and ADAM8 do not inhibit their respective enzymes, indicating that ADAM10 inhibition by its prodomain is unique. In cell-based assays we show that the ADAM10 prodomain inhibits betacellulin shedding, demonstrating that it could be of potential use as a therapeutic agent to treat cancer.
Members of the a disintegrin and metalloproteinase (ADAM) 3 family of proteolytic enzymes play important roles in many cellular signaling processes. They function as sheddases by cleaving type I and type II integral single membrane proteins to generate soluble mature forms (1) (2) (3) . ADAM family members typically contain several domains as follows: a prodomain, a catalytic and cysteine-rich disintegrin domain, a transmembrane region, and a cytoplasmic tail (4) . Prodomains are required for successful production of ADAM family members. For example, TACE and ADAM12 require their prodomains for efficient transport, folding, and expression (5) (6) (7) . Similarly, the prodomain of ADAM10 acts as a molecular chaperone to allow the expression of catalytically active ADAM10 (8) .
ADAM family members are expressed as zymogens with the prodomains maintaining the enzymes in a latent state. Isolated prodomains have been shown to inhibit the proteolytic activity of ADAM family proteins in vitro (9) . However, not all prodomains are good inhibitors. For example, although the prodomain of TACE suppresses the activity of its catalytic domain with a K i of 50 nM (9) , it is only a high micromolar inhibitor against the TACE construct, including both the catalytic and disintegrin domains. Because the catalytic and disintegrin domains are both retained in membrane-bound TACE, the prodomain, once removed, most likely does not negatively affect TACE activity in vivo.
ADAM family members are zinc metalloproteinases, and their catalytic activity depends on the activation of the zincbound water and subsequent nucleophilic attack on the amide backbone of a protein substrate. The inhibitory mechanism, in which the prodomain interferes with metalloproteinase activity by replacing the zinc-bound water with a cysteine residue, is known as "the cysteine switch" and was originally described for members of the matrix metalloproteinase (MMP) family (10) . For ADAM12, the cysteine is required for inhibition of the catalytic activity when an ␣ 2 -macroglobulin assay is used to assess catalytic activity (7) . However, mutation of the corresponding cysteine to alanine in the putative cysteine switch region of TACE does not diminish the inhibitory properties of the prodomain, suggesting that the cysteine switch hypothesis is invalid for this family member (9) .
Biologically important substrates of ADAM10 include epidermal growth factor (EGF) (11) , betacellulin (11) , Notch (12) , and amyloid precursor protein (APP) (13) . Consequently, misregulation of ADAM10 catalytic activity is implicated in Alzheimer disease and carcinogenesis. For example, ␣-secretases such as ADAM10 and other metalloproteinases can carry out the first cleavage reaction of APP (14) . Disruption of ADAM10 activity has been shown to decrease the level of sol-uble nonamyloidogenic APP both in vivo and in cell-based assays (15) , suggesting that maintaining ADAM10 activity may play a protective role in Alzheimer disease for processing of APP via the ␣-secretase pathway. In contrast, excess ADAM10 activity may promote cell growth in cancer proliferation assays because of enhanced production of soluble mature forms of several ErbB ligands such as betacellulin (BTC) and EGF (2, 11) . Blocking EGF receptor (EGFR) signaling in cancer by EGFR kinase inhibitors or antibodies that neutralize EGFR are current ways to regulate tumor growth (16, 17) . A novel way to repress EGFR signaling could be through inhibition of ADAM10-dependent substrate processing of soluble ErbB ligands because ADAM10 is a known sheddase of BTC and EGF (11) , and soluble forms activate EGFR by causing receptor dimerization (2) . As a result, specific and potent inhibitors of ADAM10 could be used to suppress tumor progression in vivo.
We have undertaken studies to express, purify, and test a prodomain construct based on the mouse ADAM10. A number of parameters were varied to obtain high expression levels of soluble protein. To study the cysteine switch mechanism, we introduced a mutation by exchanging the cysteine to serine in the ADAM10 prodomain. We show that the C173S mutation does not impair the inhibitory potency of the prodomain against ADAM10. Measurements of the inhibition of ADAM10 prodomains against ADAM8 -10 and -17 and MMPs demonstrate that the wild type and mutant prodomain are selective inhibitors against ADAM10. ADAM10 prodomain inhibits betacellulin shedding in cell-based assays in vitro, and thus may become an attractive approach for the treatment of various cancers.
EXPERIMENTAL PROCEDURES

Materials
Human ADAM10, ADAM9, and TACE protease containing the catalytic/disintegrin domains were obtained from R & D Systems (Minneapolis, MN). The following enzymes were generously donated to us: TACE catalytic domain from Marcos Milla, University of Pennsylvania; MMP-1 and -3 from Hideaki Nagase, Imperial College London; MMP-2 and -9 from William Stetler-Stevenson, NCI, National Institutes of Health; MMP-13 and -14 from Gillian Murphy, Cambridge University. All fluorescent-labeled peptides were either purchased from SynPep Corp. (Dublin, CA) or obtained from BioZyme Inc. (Apex, NC). Dinitrophenyl-labeled peptides were purchased from the University of North Carolina, Chapel Hill, peptide synthesis laboratory. All oligonucleotides for PCR and directed mutagenesis were ordered from IDT DNA (Coralville, IA).
Methods
Cloning of ADAM Family cDNA-A DNA fragment containing ADAM10 prodomain (residues 23-213) was cloned into the pRSET vector (Invitrogen) between BamHI and EcoRI sites to produce an N-terminal His-tagged protein, or cloned into a modified pET30a vector (EMD Biosciences, Madison, WI) between NdeI and BamHI sites as a C-terminal His-tagged protein. The modified pET30a vector encodes His 6 between BamHI and EcoRI sites to produce a protein with a C-terminal His tag. DNA primers were as follows: N-terminal and C-ter- minal His tag 23-213, 5Ј primer, GGA GCC GGA TCC AAT  CCT TTA AAT AAA TAT ATT, and 3Ј primer, GGA GCC  GAA TTC TTA GCG TTT TTT CCT CAG GAG CTC; N-terminal and C-terminal His tag 23-213, 5Ј primer, GGA GCC  CAT ATG AAT CCT TTA AAT AAA TAT ATT, and 3Ј  primer, GGA GCC GGA TCC TTT TTT CCT CAG GAG CTC  AGG; and C-terminal His tag 23-181, GGA GCC CAT ATG  AAT CCT TTA AAT AAA TAT ATT, and 3Ј primer, GGA GCC GGA TCC CCT TTC AAA AAC GGA GTG ATC. The wild type 23-213 C-terminal His-tagged ADAM10 prodomain was used as a template to mutate cysteine 173 to serine. The DNA primers for site-directed mutagenesis were 5Ј primer, AAA TAC GGC CCA CAG GGC GGC TCT GCA GAT CAC TCC GTT TTT GAA, and 3Ј primer TTC AAA AAC GGA GTG ATC TG AGA GCC CC CTG GG GCC GTA TTT.
For prodomains of TACE 18 -214 and ADAM8 18 -186, mouse full-length cDNAs were used as templates to prepare fragments that were subcloned into the same vector as described for ADAM10. For truncated prodomains 23-176 and 23-181, the 23-213 construct was used as a template, and the fragments were subcloned into the same C-terminal His vector as described above. For prodomain 18 -176, the full-length ADAM10 was used as a template, and fragments were subcloned into either N-or C-terminal His constructs.
Expression and Purification-The appropriate constructs were transformed into Escherichia coli BL21(DE3)STAR cells. For a typical sample preparation, bacteria were grown in 1 liter of Luria Broth at 37°C until the A 600 reached 0.4. The culture was incubated at 20°C for 30 min before adding isopropyl ␤-Dthiogalactopyranoside (1 mM) to induce protein expression. Cells were harvested after 16 h by spinning at 4°C for 30 min at 4000 rpm in a Sorvall JA 10 rotor. The supernatant was removed, and pellets were either stored at Ϫ20°C or used directly.
Cell pellets were lysed by French press at 1100 p.s.i. in 25 ml of buffer containing 50 mM phosphate, pH 8.0, 10 mM imidazole, and 300 mM NaCl at 4°C or lysed with the same buffer with cell lytic from Sigma (3 ml of a 10ϫ concentrated solution), benzonase (1500 units), and lysozyme (0.2 mg/ml). For the wild type constructs, 0.1% ␤-mercaptoethanol was added to each buffer to minimize oxidation of cysteine. Lysed bacteria were spun at 21,500 rpm in a Beckman JA 25.50 rotor for 30 -60 min. The cleared supernatant was applied to a 15-ml Ni 2ϩ -NTA column pre-equilibrated with lysis buffer. After two 30-ml washes with a solution containing 50 mM phosphate, pH 8.0, 20 mM imidazole, and 300 mM NaCl, the protein was eluted with a solution containing 50 mM phosphate, pH 8.0, 250 mM imidazole, and 300 mM NaCl. The eluted protein was concentrated to less than 2 ml using an Amicon ultrafiltration device (molecular mass cutoff of 10 kDa) from Millipore (Billerica, MA) and further purified with a Superdex-75 column (150 ml) on an Akta FPLC system at a flow rate of 1 ml/min. FPLC buffers contained 25 mM phosphate, pH 7.0, 100 mM NaCl, or 25 mM Tris, pH 8.0, 100 mM NaCl. Fractions containing protein were concentrated and passed through an Endotrap column from Profos to remove any residual endotoxin and then stored as glycerol stocks at Ϫ80°C. Monomer concentration was determined based on a calculated extinction coefficient at A 280 for the prodomain using the program ExPASy.
Ultracentrifugation-The molecular weight of ADAM10 prodomain in 25 mM phosphate, pH 7.0, 150 mM KCl was estimated by sedimentation equilibrium at 15,000 and 20,000 rpm and at 25°C on a Beckman model XL-A analytical Ultracentrifuge. The v of the protein and of the solvent were estimated to be 0.7216 and 1.005, respectively, by the SEDNTRP program. The protein was examined at several concentrations (0.45, 0.9, and 1.8 mg/ml) and was monitored by the absorbance at 286 nm. The nonlinear least square curve was generated by the IDE-AL1 program (Beckman).
Circular Dichroism Spectroscopy-A 30 M sample of the 23-213 ADAM10 construct in a buffer containing 25 mM phosphate and 50 mM NaCl, pH 8.0, was used to obtain a CD spectrum on an Aviv 202 CD spectrometer. A wavelength scan from 200 to 300 nm was collected in a 1-mm quartz cuvette at 25°C. Scans were obtained in 1-nm increments with a signal averaging time of 5 s. Background noises from the buffer were subtracted from the raw CD signal.
Inhibition Assays with TACE and ADAM10-Activity of TACE catalytic/disintegrin, TACE catalytic, or ADAM10 catalytic/disintegrin constructs was monitored at 3-min intervals using the fluorescent substrate, dabcyl-LAQAHomoPhe-RSC(fluorescein)-NH 2 (18) with excitation at 485 nm and emission at 530 nm. The substrate was diluted from a 10 mM stock in Me 2 SO to 10 M in assay buffer containing 20 mM Tris, pH 8.0, and 6 ϫ 10 Ϫ4 % Brij-35. Reactions were run in a 96-well blackcoated plate with either ADAM10 prodomain (10 nM to 1.0 M) alone or with enzyme. Concentrations of enzyme ranged from 0.5 to 2.0 nM for TACE and from 5 to 15 nM for ADAM10. For assays with TACE and ADAM8 prodomain, the range of concentrations varied from 1 to 4.7 M.
Inhibition Assays with MMPs-The fluorescent substrate dabcyl-GPLGMRGC(fluorescein)-NH 2 (19) in assay buffer (10 M) containing 50 mM Tris, pH 7.5, 150 mM NaCl, 2 mM CaCl 2 , 5 M ZnSO 4 , and 0.01% Brij-35 was used to monitor enzyme activities. MMP-1, -2, -3, -9, -13, and -14 (0.1-20 nM) were incubated with substrate in the absence or presence of prodomain (3-30 M) . Fluorescence intensities were measured every 3-5 min at an emission wavelength of 530 nm (excitation 485 nm).
Inhibition Assays with ADAM9-The fluorescent substrate, dabcyl-PchaGC(Me)HAK(5-carboxyfluorescein)-NH 2 (10 M) (18), in a buffer containing 25 mM Tris, pH 8.0, 6 ϫ 10 Ϫ4 % Brij-35, was used to measure human ADAM9 catalytic/disintegrin domain activity. The ADAM9 was provided as a 0.1 g/l stock solution, from which 3 l was added to start the reaction in the absence or presence of ADAM10 prodomain (78 -5000 nM). Fluorescence intensities were measured every 10 -20 min at excitation and emission wavelengths of 485 and 530 nm, respectively.
Inhibition Assays with ADAM8-The ADAM 8 catalytic domain was expressed and purified from E. coli as described (20) . A substrate based on the L-selectin cleavage site, dinitrophenylalanyl-INorleuQKLDKSFSMIKE-NH 2 , was used to monitor enzyme activity with a fluorescamine assay. From a concentrated 50 mM solution in Me 2 SO, the substrate was diluted 1:500 in 25 mM HEPES, pH 8.0, 6 ϫ 10 Ϫ4 % Brij-35. To 100 l of diluted substrate was added either 5 l of buffer (Tris, pH 8.0, 150 mM KCl) or 5 l of ADAM10 prodomain (1-10 M). Zero time points were taken by diluting 12.5 l of the reaction mixture into 100 l of fluorescamine buffer (50 mM HEPES, pH 8.0, 0.2 M NaCl, 0.01 M CaCl 2 , 0.01% Brij-35) in a 96-well blackcoated plate. Before measuring fluorescence, 3 l of a 1% solution of fluorescamine in Me 2 SO was added to each well. The plate was allowed to incubate for 10 min in the dark before measuring fluorescence (excitation wavelength at 390 nm and emission wavelength at 485 nm). For assays with TACE and ADAM8 prodomains, dabcyl/5-carboxyfluorescein fluorescent substrates were used to monitor activity at concentrations of prodomains ranging from 1 to 4.7 M (18).
Calculation of Inhibition Constants-The amount of activity was calculated by subtracting the prodomain control from the prodomain with enzyme. All inhibition assays were performed at room temperature and the data fit to Equation 1 using Sigma Plot software,
I f is fractional inhibition; I is the inhibitor concentration, and K i is the inhibition constant.
Mechanism of Inhibition-ADAM10 was diluted 1:100 in buffer 25 mM Tris, pH 8, 6 ϫ 10 Ϫ4 % Brij-35, and 10 l was then added to 88 l of substrate (20 -100 M), dabcyl-LAQAHomoPheRS-C(fluorescein)-NH 2 (21) with excitation at 485 nm and emission at 530 nm. Prodomain, 2 l, in 25 mM Tris, pH 8, 100 mM NaCl, 10% glycerol, 0.1% mercaptoethanol, and 50 M CaCl 2 was added to the substrate before addition of enzyme. The final concentration of prodomain ranged from 17 to 170 nM. The fluorescence versus time was plotted, and slopes were taken from straight line fits of initial velocities. The reciprocal of the velocities was plotted versus the reciprocal of substrate squared because the normal Lineweaver Burke plot gave curved lines. The initial velocities versus substrate concentrations were fit as a family of curves to several allosteric models. The data fit best to a pure competitive model as described in Equation 2 (2) where binding of inhibitor prevents substrate from binding to both sites.
In this equation, v is the velocity obtained from the fluorescence units versus time plot; V is the maximum velocity; S is the substrate concentration; I is the inhibitor concentration; K s is the dissociation constant for substrate binding to enzyme; and K i is the inhibition constant.
Ligand Shedding Assays-The conditionally immortalized pancreatic epithelial (IMPE) cell line (22) was stably transduced with the retrovirus pBM BTC-HA IRES Puro expressing human BTC cDNA with a C-terminal HA tag as described previously (23) or with pBM AR IRES Puro expressing human amphiregulin. Cells were routinely cultured at 33°C in Dulbecco's modified Eagle's medium (DMEM) plus 5% bovine growth serum/penicillin/streptomycin/nonessential amino acids and 5 units/ml IFN␥ and 2 g/ml puromycin. For BTC shedding assay, cells were seeded at 5 ϫ 10 4 cells/well in 24-well plates and grown for 48 h to confluence at 33°C in medium containing IFN␥ and then for an additional 36 h at 37°C in medium lacking IFN␥ and puromycin.
For all shedding assays, cells were pretreated for 30 min at 37°C with serum-free DMEM containing vehicle control (Me 2 SO), varying quantities of GI254023X and GW280264X or different concentrations of either buffer control or ADAM10 prodomain. For analysis of constitutive shedding, media were then replaced with fresh serum-free media using the same experimental treatments and incubated for 4 h at 37°C. To evaluate stimulated ligand shedding, media were then replaced with fresh media using the same experimental treatments containing 2 M A23187 and incubated for 1 h at 37°C.
Conditioned media (CM) and cell lysates were then harvested as described previously (23) . Specific human BTC and human AR sandwich enzyme-linked immunosorbent assays (R & D Systems) were used to quantify BTC and AR levels, respectively, in CM and cell lysates according to the manufacturer's instructions. The recombinant human BTC and human AR (R & D Systems) were used as standards for their respective assays. All experiments were repeated at least three times with similar results, and a representative figure is presented. Values for each experiment are expressed as the means Ϯ S.E. of quadruplicate determinations.
Antibodies-Polyclonal antibodies were raised against the prodomain peptide (YGNPLNKYIRHYEGL) and a peptide representing the cytoplasmic domain (QPIQQPPRQRPRESY) of ADAM10. Antibodies were further purified by protein A-Sepharose chromatography.
Cell Culture-COS1 cells were grown in DMEM (Invitrogen) containing 10% fetal calf serum and 1% glutamine. Transient transfections were performed with the DEAE-dextran method (24) .
Immunofluorescence-COS1 cells were grown on coverslips and transfected with the construct encoding full-length mouse ADAM10. 48 h after transfection, cells were fixed with 3.7% paraformaldehyde. To detect ADAM10, the polyclonal antibodies a-A10cyt (1:200) and a-A10pro (1:200) were used as primary antibodies. As secondary antibodies, we used either goat anti-rabbit-Cy3 (1:500, Sigma) or goat anti-rabbit-Alexa488 (1:500, Dako). Double stainings were performed sequentially. Between individual stainings, samples were incubated with anti-rabbit IgG (1:50, Sigma) to saturate excess binding sites. Images were acquired by confocal laser scanning microscopy (TCS SP2, Leica, Germany).
Immunoprecipitation Experiments-5 ϫ 10 5 COS1 cells were transfected with 5 g of DNA using the DEAE-dextran method (20) . 48 h after transfection, cells were lysed in Co-IP buffer (50 mM Tris-Cl, pH 7.4, 140 mM NaCl, 10 mM CHAPS, 10% glycerol, 2 mM EDTA, Complete EDTA-free protease inhibitor mixture (Roche Applied Science)) and subjected to immunoprecipitation using antibodies in concentrations of 5 g/ml. After binding of precipitated material to protein-G-Sepharose, eluates were analyzed by SDS-PAGE and subsequent Western blotting. Proteins were detected using either a-A10cyt or a-A10pro antibodies (1:1000, respectively) and anti-rabbit horseradish peroxidase as secondary antibody (1:5000; Sigma). Bands were visualized by chemiluminescence.
RESULTS
Full-length Prodomain-Based on the work presented for the TACE prodomain (9), we prepared a construct encoding amino acids 23-213 of mouse ADAM10 prodomain. We constructed the 23-213 ADAM10 prodomain with either the N-or C-terminal His tag to ensure that the location of the His tag did not interfere with inhibition of ADAM10. Both of these constructs exclude the N-terminal hydrophobic signal sequence region and end at the furin cleavage site.
Initial induction tests of the ADAM10 prodomain at 37°C showed that the expression level was low and that most of the protein was found in an insoluble pellet. By reducing the induction temperature from 37 to 20°C, we were able to obtain milligram quantities of soluble ADAM10 prodomain after inducing for 16 h with 1 mM isopropyl ␤-D-thiogalactopyranoside. The prodomain was purified via a Ni 2ϩ -NTA column followed by size-exclusion chromatography using a Superdex 75 column (Fig. 1A) . The wild type prodomains 23-213, containing either the N-or C-terminal His tags, were both efficient inhibitors of ADAM10 (Table 1) , with inhibition constants of 75 and 48 nM, respectively. We conclude that the ADAM10 prodomain inhibition does not depend on the location of the His tag.
Cysteine Switch Hypothesis-For metalloproteinases that exist as zymogens, the presence of a cysteine in their prodomains is often necessary for inhibition of catalytic activity. The cysteine is proposed to chelate the active site zinc ion of the metalloproteinase, causing the enzyme to remain in an inactive state. For some of the ADAM family members, the cysteine is required for efficient inhibition of the enzyme. We tested whether the cysteine in the putative cysteine switch of the ADAM10 prodomain affected the potency of inhibition by preparing a C-terminal His tag construct with the only cysteine mutated to serine. In Fig. 1B is a Coomassie-stained gel representing the purified C173S prodomain 23-213.
We found that the C173S ADAM10 prodomain 23-213 represents a tight and specific inhibitor of human ADAM10 with an inhibition constant of 36 Ϯ 9 nM (Table 1) . Furthermore, mouse ADAM10 catalytic activity 4 is inhibited with a K i of 17 Ϯ 10 nM, supporting the hypothesis that there are no species differences that account for the potency of ADAM10 prodomain. These results indicate that the cysteine residue in the ADAM10 prodomain is not required for efficient inhibition of catalytic activity, and the inhibitory mechanism of ADAM10 prodomain is distinct from the cysteine switch mechanism.
ADAM10 Prodomain as a Specific Inhibitor-Inhibition studies against ADAM and MMP family members were performed to evaluate the specificity of the ADAM10 prodomain. The inhibition was specific to ADAM10. The closely related family members, matrix metalloproteinases 1, 2, 3, 9, 13, and 14, were not inhibited by 3 M cysteine containing C-terminal His tag wild type or C173S (residues 23-213) prodomains (Table 1 ). In addition, TACE catalytic and TACE catalytic/disintegrin enzymes were inhibited only slightly by the prodomains at concentrations of ϳ30 M. Inhibition of ADAM8 was seen between 4 and 9 M, and ADAM9 was inhibited with a K i near 1 M.
The potent inhibition of ADAM10 by its prodomain seems to be unique as the prodomains of TACE and ADAM8 only slightly inhibited their respective enzymes at micromolar concentrations ( Table 2 ). The ADAM8 prodomain inhibited both TACE and ADAM10, but only at high concentrations.
ADAM10 Prodomain Exists as a Dimer in Solution-
The retention time of a given protein on a gel filtration column often reflects its oligomeric state. The prodomain of ADAM10 consisting of residues 23-213 and both the wild type and the C173S mutant appeared to migrate on the Superdex-75 size-exclusion column as a dimer. We performed ultra-analytical centrifugation to determine the oligomeric state of the protein at various protein concentrations to confirm this observation. Fig. 2A shows the nonlinear least squares fit of the curve generated by sedimentation equilibrium. The molecular mass of the ADAM10 prodomain was in the range of 41.5 Ϯ 1.3 kDa at the concentrations of 0.9 mg/ml as compared with a known monomer molecular mass of 23 kDa. The molecular weight did not vary at concentrations ranging from 0.45 to 1.8 mg/ml. The findings were comparable for both the Cys to Ser mutant and wild type protein. This suggests that ADAM10 prodomain exists in solution primarily as a dimer under these conditions. Secondary Structure-We collected CD wavelength spectrum of the ADAM10 prodomain to gain information of the secondary structure of the ADAM10 prodomain and to confirm that this protein construct is folded. ␣-Helix, ␤-sheet, and random coil structures give rise to characteristic CD spectra. Typical ␣-helical proteins produce minima at 222 and 208 nm, whereas ␤-sheets exhibit minima at 215 nm. The CD spectrum (as shown in Fig. 2B ) exhibits signals containing a mixture of ␣-helix and ␤-strand secondary structure and confirms that this construct is folded. The minimum at 222 nm largely suggests helical secondary structure content. However, the lack of a pronounced minimum at 208 nm indicates that a portion of this domain adopts a ␤-strand conformation.
Mechanism of Inhibition-The prodomain was tested to determine the mode of inhibition of ADAM10. Interestingly, a typical Lineweaver Burke plot, where the substrate was varied as a function of inhibitor concentration, gave curved lines for the reciprocal plot. Therefore, a 1/v versus 1/[S 2 ] plot was used and gave a good fit with the slopes varying but the intercepts remaining the same (Fig. 3) . This indicated that the prodomain of ADAM10 is a competitive inhibitor of ADAM10 catalytic and disintegrin domain. The analysis also indicated that ADAM10 has at least two binding sites for the fluorescent substrate. The velocities versus substrate at varying inhibitor values were fit as a family of curves to the pure competitive inhibitor model. This gave the best fit from a selection of over seven other Truncation of the ADAM10 Prodomain-The prodomains, 23-213 and 23-213 Cys to Ser, were truncated to determine the minimal domain requirements for inhibition of ADAM10. Analysis of the secondary structure indicated that the prodomain could most likely be truncated at the C terminus without significantly disturbing its activity. Furthermore, limited proteolysis with trypsin and analysis of the processed prodomain via mass spectroscopy suggested that the prodomain could be modified at the C terminus. We prepared wild type constructs 23-176 and 23-181 and measured inhibition of ADAM10 activity. The results are in Table 3 . Both constructs were less potent inhibitors of ADAM10 with inhibition constants of 900 Ϯ 45 and 473 Ϯ 174, respectively. However, they still retained inhibitory activity. Addition of amino acids to the N terminus by five to generate 18 -176 N-or C-terminal His (Table 3) did not seem to dramatically affect function, suggesting that these residues are not critical for prodomain binding to ADAM10. Further modification of the N terminus resulted in a prodomain that was expressed as an insoluble pellet in E. coli, and these constructs were not analyzed further. The Cys to Ser mutant was also shortened to amino acids 23-181. Interestingly, this mutant lost its inhibitory activity against ADAM10 and had an estimated inhibition constant of greater than 5 M (Table 3 ). This truncated mutant also exists as a dimer in solution ruling out the possibility that inhibition of ADAM10 correlates with the ability of prodomain to aggregate.
Cell-based Assay with ADAM10 Prodomain-Previously, the effect of constitutive overexpression of the ADAM10 prodomain on APPs␣ shedding from HEK293 cells had been investigated (25) . It has been proposed that the intracellular overexpression of the ADAM10 prodomain reduces APPs␣ shedding most likely by FIGURE 2. Ultra-analytical centrifugation and CD spectrum of ADAM10 prodomain C173S mutation. A, pattern shown is for a 0.9 mg/ml solution run at 15,000 rpm and at 25°C. The best fit molecular weight was 40,400. B, CD spectrum of a 30 M sample of ADAM10 prodomain from 200 to 300 nm indicating that this construct is folded, and a mixture of ␣-helices and ␤-sheets. 
TABLE 3 Inhibition of ADAM10 by truncated prodomains of ADAM10
Enzyme was incubated with truncated prodomains, and the fractional inhibition versus inhibitor concentration was plotted and fit to a hyperbolic function using the program Sigma Plot from Systat.
Inhibitor
Catalytic/disintegrin ADAM10 www.jbc.org interaction with mature ADAM10 either in the secretory pathway or at the cell surface (24) . To determine whether adding back the ADAM10 prodomain could specifically inhibit the shedding of ADAM10 substrates, we tested the effects of exogenous, recombinant ADAM10 prodomain on the shedding of two ErbB ligands, BTC and AR, in cell-based cleavage assays. ADAM10 is responsible for constitutive and ionophore-induced shedding of betacellulin (11, 23) , whereas ADAM17/TACE is responsible for constitutive and phorbol ester-induced amphiregulin shedding. Interestingly, ionophore-induced amphiregulin shedding is independent of ADAM10 but may only be partially dependent on ADAM17 (26).
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Because BTC shedding is activated by calcium ionophore treatment and not by phorbol ester treatment (23), we initially decided to examine the effect of the ADAM10 prodomain on calcium ionophore-induced shedding of BTC and AR in IMPE cells. To first demonstrate that ionophore-induced BTC and AR shedding in IMPE cells displays different metalloprotease specificities, we determined the effect of two metalloprotease inhibitors GI254023X (a selective ADAM10 inhibitor) and GW280264X (a more broad spectrum inhibitor) on these shedding events (27) (28) (29) . Calcium ionophore treatment robustly stimulated both BTC and AR shedding in IMPE cells (Fig. 4, A   and B) . Importantly, calcium ionophore-induced BTC shedding was efficiently blocked in a dose-dependent manner by the ADAM10-specific inhibitor GI254023X (Fig. 4A ), whereas GI254023X treatment had only minimal inhibitory effect on AR ionophore-induced shedding even at the highest dose in IMPE cells (Fig. 4B) . These data are in agreement with our previous findings that calcium ionophore-induced BTC shedding is dependent on ADAM10 (23).
We next examined whether treatment with the ADAM10 prodomain could specifically block ionophore-induced BTC shedding in IMPE cells. As expected, the prodomain of ADAM10 was able to inhibit calcium ionophore-induced betacellulin release (Fig. 4C ) in a dose-response fashion with 75% inhibition at 15 M and 33% inhibition at 1.5 M. Further analysis showed that the ADAM10 prodomain was also able to block constitutive and ionophore-induced BTC shedding in HEK293 and Madin-Darby canine kidney cells overexpressing human BTC (data not shown). The truncated ADAM10 prodomain 23-181, C173S mutant, that does not inhibit ADAM10 efficiently, had no effect on betacellulin shedding, indicating that inhibition of ADAM10 activity depends on the inhibitory properties of the prodomain.
Further proof that the prodomain specifically inhibits ADAM10 was obtained with cell-based assays used to assess amphiregulin shedding. No inhibition of calcium ionophoreinduced AR shedding in IMPE cells was observed upon treatment with the ADAM10 prodomain (Fig. 4D) . Moreover, the ADAM10 prodomain had no effect on other constitutive and phorbol ester-stimulated AR shedding events (data not shown). Together, these findings indicate that treatment with exogenous, recombinant ADAM10 prodomain can selectively inhibit the shedding of an ADAM10 substrate, betacellulin, through access to the shedding machinery from the cell surface.
Cellular Localization and Co-immunoprecipitation of Prodomain and Full-length ADAM10-As demonstrated above, the ADAM10 prodomain works as an inhibitor in cell-based assays. To address whether there is any evidence for an in vivo function of the prodomain, e.g. by regulating ADAM10 activity, we performed immunofluorescence in conjunction with immunoprecipitation by using two characterized antibodies against the prodomain and the cytoplasmic domain of ADAM10, respectively. The cDNA encoding full-length mouse ADAM10 was transiently transfected into COS1 cells. Cells were stained with antibodies either directed against the prodomain (a-A10pro) or the cytoplasmic tail (a-A10cyt) of ADAM10 in Triton X-100-permeabilized cells (Fig. 5, A-M) . The antibody a-A10pro recognizes pro-ADAM10 and the released ADAM10 prodomain (Fig. 5, B, E, H, and L) . Mostly, the prodomain signal, either covalently or noncovalently attached, is localized to intracellular vesicles within the cell, consistent with the observation that most of the protein is found in transport vesicles during passage through the trans-Golgi network; only a minor proportion of prodomain can be found close to the cell membrane. Consequently, staining with a-A10cyt shows a nearly identical distribution of ADAM10 in the cells analyzed. This finding demonstrates that active and inactive ADAM10 are indistinguishable in their cellular localizations, assuming that even active ADAM10 is co-localized with its prodomain under physiolog-5 P. Dempsey, personal observations. ical conditions. In nonpermeabilized cells, e.g. without Triton X-100 treatment, no signals were obtained either with a-A10cyt or with a-A10pro (data not shown). The latter result confirms that no prodomain is found on the cell surface. These findings also argue for a tight intracellular regulation of ADAM10 activity by the persistent presence of the prodomain during ADAM10 maturation.
To support this hypothesis, immunoprecipitation experiments were performed using a-A10pro and a-A10cyt antibodies (Fig. 6) . With a-A10pro antibodies, we were able to pull down pro-ADAM10 and processed ADAM10 in equal amounts (Fig. 6, left panel) , ruling out the hypothesis that dimerization of prodomain is the reason why the prodomain is found in immunoprecipitates. Consequently, immunoprecipitation with a-A10cyt led to a pulldown of pro-ADAM10 and the ADAM10 prodomain. The finding that prodomain and mature ADAM10 are isolated in immunoprecipitates also demonstrates that at least some of the prodomain found co-staining with ADAM10 within the cell via immunofluorescence is no longer covalently attached to ADAM10. These findings collectively suggest that prodomain associates with mature ADAM10 within the cell.
DISCUSSION
We have provided evidence that the prodomain of mouse ADAM10 is a specific inhibitor of human ADAM10 activity both in vitro and in cell-based assays. To our knowledge, this is the first report of a specific inhibitor of ADAM10 (K i ϭ 48 nM) as other reported inhibitors, such as GI254023 and tissue inhibitors of metalloproteinases, inhibit MMPs as well as other ADAM family members. For example, the ADAM10 prodomain does not inhibit the activities of other ADAM proteases (8, 9 , and 17) under conditions where full inhibition of ADAM10 is observed. Thus, the prodomain can be used in cellular assays to assess ADAM10 functions.
Interestingly, the prodomains truncated at the C terminus retain inhibitory activity although they are ϳ10-fold less potent than the full-length protein. Most of the inhibitory potential resides in a 40-amino acid region containing Cys-173 to Lys-213. In addition, the cysteine residue at position 173 is critical for inhibition in the truncated prodomain.
The prodomain also exists as a dimer, regardless of whether it is truncated at the C terminus to remove 32 amino acids. The cysteine (Cys-173) is also not required for dimerization. Fig. 6 implies that the stoichiometric ratio between prodomain and metalloproteinase domain is 2:1, and we tried to solve this question in vitro. However, we could not use the antibody setup we used for the in vivo immunoprecipitation, as the recombinant ADAM10 enzyme lacks the C-terminal domain (a-CD is generated against the peptide at amino acid position 727-741), whereas the recombinant ADAM10 is truncated at position 674. Moreover, Western analysis after a pulldown using Ni-NTA resin is not feasible as both the recombinant ADAM10 and the prodomain contain His tags. Under this experimental setup, the only way to determine the stoichiometry would be ultra-analytical centrifugation or titration experiments, but this is impracticle because of limited quantities of the ADAM10 protein from a commercial source. The mouse ADAM10 prodomain is also unique in its ability to inhibit potently the ADAM10 catalytic/disintegrin domain. In contrast, the mouse prodomain of TACE only modestly inhibits the activities of human TACE catalytic domain and human ADAM10 catalytic/ disintegrin domain, respectively (9) . In addition, no effect on activity is seen for micromolar concentrations of the prodomain for the human TACE catalytic/disintegrin domain construct. Mouse ADAM8 prodomain only slightly inhibits mouse ADAM8 catalytic domain, and does not inhibit the human ADAM8 catalytic/disintegrin domain. 4 However, it does suppress human TACE and ADAM10 activities. Because other ADAM family members do not seem to bind tightly to their respective prodomains even in an in vitro assay, it is unlikely for other members to directly associate with mature ADAMs in vivo.
The ability of prodomains to inhibit enzymes does not seem to rely on overall identity with each other. Mouse ADAM10 prodomain has the most identity to human ADAM10 prodomain (92%) followed by human TACE prodomain (28% over a 126-amino acid stretch). This could explain why TACE prodomain inhibits to some extent ADAM10. There is very little identity except when comparing one prodomain among different species. A noteworthy observation is that the cysteine switch region of mouse ADAM8 prodomain shares 40% identity with TACE prodomain. This finding could explain why mouse ADAM8 prodomain inhibits both TACE constructs.
ADAM10 prodomain co-localizes with ADAM10 within the cell in vesicles. In addition, the prodomain co-immunoprecipitates with mature and full-length ADAM10 when transfected into COS-1 cells. Co-precipitation of prodomain with ADAM10 could occur through intermediary proteins. However, our findings demonstrate that prodomain associates directly in vitro with ADAM10 with a nanomolar inhibition constant. Therefore, collectively, these experiments confirm that the ADAM10 prodomain is likely to be associated with ADAM10 in vivo either before or after the pro-ADAM10 has undergone processing by a proprotein convertase.
The specificity and potency of the ADAM10 prodomain make it a good candidate for ADAM10 antagonist activity in vivo. In a betacellulin assay, the prodomain was an inhibitor. Because the K i value in our activity assays lies within the nanomolar range, it is unclear why micromolar quantities of prodomain are required in this assay. Precedence for this comes from inhibitors of ADAM10 used in this study. Often micromolar quantities of inhibitor are required in cell-based assays that measure release of proteins even though the same inhibitors are nanomolar against the enzyme in an in vitro assay. GM6001 is an example of this as its IC 50 is 1.7 nM against TACE in an enzyme assay but is micromolar in cell-based shedding assays. We have found that GI254023X inhibits ADAM10 in the nanomolar range but has an IC 50 of micromolar range for betacellulin release. In addition, tissue inhibitors of metalloproteinases are required in micromolar quantities in shedding assays even though they are subnanomolar physiological inhibitors of MMPs and ADAMs (30) . These findings indicate that the prodomain of ADAM10 may be able to inhibit ADAM10 in vivo even though micromolar quantities are used in shedding assays.
An alternative hypothesis, although unlikely, is that ADAMs other than ADAM10 are involved in processing of ErbB ligands. ADAM9, for example, possesses EGF processing activity (31) , and other as yet undiscovered ADAMs may cleave betacellulin.
It will be interesting to analyze what other biological processes are dependent on ADAM10. The high expression level and stability of the prodomain in cell-based assays makes it well suited for further structural and functional studies.
